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ABSTRACT: Denaturation by guanidine-HCl, urea, or heating was performed on the common isoforms of
human apolipoprotein (apo) E (apoE2, apoE3, and apoE4) and their 22-kDa and 10-kDa fragments in
order to investigate the effects of the cysteine/arginine interchanges at residues 112 and 158. Previous
physical characterization of apoE3 established that apoE contains two domains, the 10-kDa carboxyl-
terminal and 22-kDa amino-terminal domains, which unfold independently and exhibit large differences
in stability. However, the physical properties of apoE2, apoE3, and apoE4 have not been compared before.
Analysis by circular dichroism showed that the different isoforms have identicalR-helical contents and
guanidine-HCl denaturation confirmed that the two domains unfold independently in all three isoforms.
However, guanidine-HCl, urea, and thermal denaturation showed differences in stability among the 22-
kDa amino-terminal fragments of the apoE isoforms (apoE4< apoE3< apoE2). Furthermore, guanidine-
HCl denaturation monitored by circular dichroism and fluorescence suggested the presence of a folding
intermediate in apoE, most prominently in apoE4. Thus, these studies reveal that the major isoforms of
apoE, which are associated with different pathological consequences, exhibit significant differences in
stability.

Apolipoprotein (apo)1 E, a 34-kDa, 299-amino acid protein
(1), is associated with several classes of plasma and cerebral
spinal fluid (CSF) lipoproteins (2-5). Through its interaction
with receptors in the low density lipoprotein (LDL) receptor
family (2, 6-10), apoE transports cholesterol and triglyceride
among tissues in the vasculature and nervous systems. In
addition, apoE plays a role in immunoregulation (11-13)
and cell growth (14).

Three common isoforms of apoE (apoE2, apoE3, and
apoE4) are genetically determined by three corresponding
alleles at a single gene locus on chromosome 19 (allelic
frequency: ε2 ) 0.08,ε3 ) 0.77, andε4 ) 0.15) (15-17).
The isoforms differ by cysteine and arginine content at
positions 112 and 158; apoE3, the most common form,

contains cysteine and arginine at these positions, respectively.
Apolipoprotein E2 contains cysteine, and apoE4 arginine,
at both positions (1, 18).

The common isoforms of apoE have significantly different
physiological and biochemical effects. ApoE4 is associated
with high plasma cholesterol levels and with an increased
risk for both heart disease (19-21) and Alzheimer’s disease
(AD) (22, 23). ApoE4 is also found to be a predictor for
morbidity after head injury (24-26). A subset of the
population homozygous for apoE2 develop type III hyper-
lipidemia (27, 28), and apoE2 may be protective against AD
(29). Characterized biochemical differences between the
isoforms include differential LDL receptor binding activity
(30), association with lipoproteins (31-33), accumulation
in cells (34, 35), association with proteins involved in AD
such as Aâ peptide (36-39) and tau (40-42), effects on
neurite outgrowth (34, 43-46), and neurotoxicity in cell
culture (47-50).

Previous physical characterization of apoE3 (51, 52), the
most common isoform, established that it had two distinct
domains (the 22-kDa amino-terminal and 10-kDa carboxyl-
terminal domains) that unfold independently of each other
(51). The 22-kDa amino-terminal domain (residues 1-191),
shown by X-ray crystallographic studies to be a four-helix
bundle (53), contains the receptor-binding region (residues
in the vicinity of 136-150) (2, 54-56). The10-kDa carboxyl-
terminal domain (residues 218-299) contains important
lipoprotein-binding regions (33, 51, 57-59). The two
domains are joined by a hinge region (approximately residues
165-215) (51, 52).
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How one or two amino acid differences among the
isoforms of apoE result in the differential effects listed above
is a major question. Only the differential LDL receptor
binding (60, 61) and association of apoE isoforms with
plasma lipoproteins (58, 62) have been characterized at the
molecular level. In apoE2, there is a rearrangement of salt
bridges in helices three and four in the four-helix bundle
that change the electrostatic potential in the receptor binding
region (60) resulting in defective LDL receptor activity. In
ApoE4, there is an interaction between Arg-61 in the 22-
kDa amino-terminal domain and Glu-255 in the 10-kDa
carboxyl-terminal domain that does not occur in apoE2 or
apoE3. The apoE4 domain interaction is responsible for the
preferential association of apoE4 with plasma very low-
density lipoproteins (VLDL) compared to apoE3 and apoE2
preference for HDL (58, 62). With the importance of apoE
in lipid metabolism and the growing list of differential effects
among the isoforms, it is important to determine the physical
characteristics of the apoE isoforms in order to understand
better their fundamental properties and potential differences
as a basis for gaining insight into the differences in their
metabolic behavior and role in disease.

Using guanidine-HCl, urea, and thermal denaturation, we
characterized the common isoforms of apoE, and their
corresponding 22-kDa (residues 1-191) and 10-kDa (resi-
dues 223-299) fragments and established that apoE2 and
apoE4 also contain two independently folded domains as
previously shown for apoE3 (51, 52). In addition, the
R-helical content of all three isoforms and their corresponding
22-kDa fragments were similar, approximately 56-64%.
However, significant differences between the isoforms were
also revealed by these studies. Specifically, denaturation
studies monitored by circular dichroism indicated a difference
in stability among the isoforms (apoE4< apoE3< apoE2).
These studies represent the first assessment of the physical
characteristics of apoE2 and apoE4 and establish differences
in the thermodynamic properties among the common iso-
forms of human apoE. These findings may provide insight
into known differential association of apoE isoforms with
risk for heart disease and neurodegeneration, including
Alzheimer’s disease.

MATERIALS AND METHODS

Expression and Purification of ApoE and Fragments of
ApoE. Purification of full-length apoE was carried out as
described previously (63). The 22-kDa and 10-kDa (64)
fragments of apoE were purified according to the same
protocol with some modifications. Briefly, the cDNA for full-
length human apoE2, apoE3, apoE4, the 22-kDa fragments
of each isoform (residues 1-191), or the 10-kDa fragment
of human apoE (residues 223-299) was ligated into a
thioredoxin (Trx) fusion expression vector (pET32a, Novagen)
and transformed into theEscherichia colistrain BL21 (DE3)
(Novagen) (63, 64).

The transformedE. coli were cultured in LB medium at
37 °C, and Trx-apoE expression was induced with IPTG
(final concentration, 100µg/mL) for 2 h. After the bacterial
pellet was sonicated and the lysate was centrifuged to remove
debris, the Trx fusion protein, which contains a His-tag, was
purified on a nickel affinity column. The fusion protein was
then cleaved with thrombin to remove Trx from apoE, the
22-kDa, or 10-kDa fragment.

For purification of full-length apoE, the fusion protein was
complexed with dimyristoyl phosphatidylcholine (DMPC)
before it was cleaved with thrombin to protect the protease
susceptible hinge region. After inactivation of the thrombin
with â-mercaptoethanol (â-Me), the mixture was lyophilized,
delipidated, and the protein was solubilized in 6 M guanidine-
HCl (in 0.1 M Tris, pH 7.4, 0.01% EDTA, and 1%â-Me).
Protein was isolated by gel filtration chromatography on
Sephacryl S-300 in 4 M guanidine-HCl (in 0.1 M Tris, pH
7.4, 0.01% EDTA, and 0.1%â-Me). The fractions containing
apoE were pooled, dialyzed against 5 mM NH4HCO3, and
lyophilized. The protein was solubilized in 100 mM NH4-
HCO3 and stored at-20 °C.

For purification of the 22-kDa and 10-kDa fragments,
association of the fusion proteins with DMPC prior to
thrombin cleavage was not necessary. After cleavage was
complete and the thrombin was inactivated withâ-Me, the
mixture was repassed on a nickel affinity column to remove
Trx. The 22-kDa or 10-kDa fragment was then dialyzed into
6 M guanidine-HCl (in 0.1 M Tris, pH 7.4, 0.01% EDTA,
and 1%â-Me). Protein was isolated by filtration chroma-
tography as described above.

Guanidine Denaturation.ApoE and the 22- and 10-kDa
fragments were analyzed by guanidine-HCl denaturation.
Protein (500 and 100µg/mL) was incubated overnight at 4
°C in 20 mM sodium phosphate, pH 7.4, 1 mM dithiothreitol
(DTT), and guanidine-HCl at various concentrations. Circular
dichroism (CD) measurements were made on a Jasco 715
spectropolarimeter at 25°C. All experiments were performed
under reducing conditions. Molar ellipticity ([θ]) at 220 nm
was calculated from the relationship

whereθ220 is the measured ellipticity at 220 nm in degrees,
l is the cuvette path length (0.1 cm), andc is the protein
concentration (g/mL). A mean residue weight (MRW) of 114
was used.

∆G° was calculated by using nonlinear regression (Prism,
Graphpad) to fit the data showing the dependence ofθ on
the concentration of guanidine-HCl to the following sigmoi-
dal equation (65):

where ∆G° is the free energy of denaturation at 0 M
guanidine-HCl,∆n is the difference in the number of moles
of guanidine-HCl bound in the denatured and native states,
R is the gas constant,T is temperature,k is the association
constant for guanidine-HCl, anda is the molarity of
guanidine-HCl. The equilibrium constant for the denaturation
reaction (KD) is determined by the formula

θN is the molar ellipticity of the protein in its native
conformation,θD is the molar ellipticity when it is denatured,
andθ is the ellipticity at a given concentration of guanidine-
HCl. The variables used in fitting to eq 2 were∆G° and
∆n. θN andθD were taken as constants because, as discussed
before (66), extrapolation of the initial and final slopes of
apolipoprotein denaturation curves leads to unacceptable
interassay variability.∆G° values in the absence of denatur-

[θ] ) (MRW)(θ220)/10lc (1)

-RT ln KD ) ∆G° - ∆nRTln(1 + ka) (2)

KD ) (θN - θ)/(θ - θD) (3)
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ant were also calculated by plotting∆G° against guanidine-
HCl concentration and extrapolating to zero concentration
(67). Comparison of slopes,m, of the linear regression lines
for protein mutants gives insights into likely structural
changes due to point mutations (68).

Urea Denaturation.The 22-kDa fragments of apoE were
analyzed by urea denaturation. Protein (100µg/mL) was
incubated overnight at 4°C in 20 mM sodium phosphate,
pH 7.4, 0.15 M NaCl, 1 mM DTT, and freshly deionized
urea at various concentrations. CD measurements and
calculations were performed as described above.

Fluorescence Measurements.Guanidine-HCl denaturation
of the 22-kDa fragments of apoE3 and apoE4 was monitored
by tryptophan fluorescence. Protein (100µg/mL) was
incubated overnight at 4°C in 20 mM sodium phosphate,
pH 7.4, 1 mM DTT, and guanidine-HCl at various concen-
trations. Measurements were made on an Hitachi F2000
fluorimeter at 25°C using an excitation wavelength of 295
nm and monitoring an emission scan from 285 to 400 nm.
The average emission wavelength was calculated as the
intensity weighted average of the emission wavelengths.

Thermal Denaturation.ApoE and the 22- and 10-kDa
fragments were analyzed by thermal denaturation. Thermal
scans were conducted on protein (50µg/mL in 10 mM
sodium phosphate buffer, pH 7.4, freshly dialyzed from 1%
â-mercaptoethanol and 6 M guanidine-HCl solution) at a rate
of 1 °C/min from 20°C to 90°C. Control experiments using
SDS-PAGE analysis showed that there was insignificant
oxidation and disulfide bond formation in apoE2 and apoE3
samples after denaturation. Measurements were done in
triplicate for each sample using a Neslab RTE-111 circula-
tion water bath to heat the sample which was in a jacketed
quartz cuvette. Temperature (T)-induced unfolding was
monitored by electronic recording of the CD change (using
a Jasco J-600 spectropolarimeter) at 222 nm. Data showing
the fractional change in [θ]222 as a function of temperature
were fitted by nonlinear regression using the Boltzmann
sigmoidal equation (Prism, Graphpad). As described previ-
ously (66), the R-helix contents were calculated from the
molar ellipticity values derived from eq 1, although these
measurements were done at 222 nm. TheR-helix content of
each protein sample was computed using eq 4

Thrombin CleaVage of Full-length ApoE4.Thrombin
(Haematologic Technologies, Inc.) was added to full-length
apoE4 (0.5 mg/mL, PBS, pH 7.4) at a ratio of 850:1 (apoE:
thrombin, w/w) and incubated at 37°C. At various time
points 200 µL aliquots were analyzed by gel filtration
chromatography (TSK 3000XL SW column, 0.5 mL/min,
PBS, pH 7.0). Purified apoE4 and its corresponding 22-kDa
and 10-kDa fragments were used as size standards.

RESULTS

Assessment of Helical Content of the 22-kDa Fragments
and Full-Length Human ApoE Isoforms.The secondary
structural content of recombinant apoE isoforms and their
corresponding 22-kDa fragments (residues 1-191) was
examined by circular dichrosim (CD). TheR-helical contents
of all three isoforms and their 22-kDa amino-terminal
fragments were calculated from their molar ellipticities at

222 nm (θ222 ) -19 000- -22 000) using eq 4 and ranged
from 56 to 64%. Taking into account an approximate error
of 5% in the measurements, there appeared to be no
significant difference in theR-helical content between the
isoforms, and theθ222 measurements of apoE3 and its 22-
kDa fragment were similar to those in previously published
reports (52, 69).

Chemical Denaturation of the 22-kDa Fragments, 10-kDa
Fragment, and Full-Length Human ApoE Isoforms.The
structural stabilities of recombinant human apoE isoforms
(apoE2, apoE3, and apoE4, the 22-kDa fragments of each
isoform, and 10-kDa fragment) were examined by guanidine-
HCl denaturation. It was established previously that recom-
binant apoE3 displayed an identical guanidine denaturation
curve to that of apoE3 isolated from plasma (63). The
concentration of guanidine-HCl at which half-maximal
denaturation (D1/2) occurred was obtained by fitting data
points to the optimal variable-slope sigmoidal curve

by nonlinear regression.Y is the ellipticity at a given
guanidine-HCl concentration,X is the molar concentration
of guanidine-HCl, andh is the Hill coefficient (slope) (70).
θN is the molar ellipticity of protein sample in its native
conformation, andθD is the molar ellipticity when it is
denatured. Figure 1 shows the relationship between guani-
dine-HCl concentration and fraction unfolded of apoE3 and
its corresponding 22-kDa and 10-kDa fragments. The fraction
of the protein unfolded is defined as

whereθn andθd are defined above, andθ is the ellipticity at
a given guanidine-HCl concentration.

The denaturation curve of apoE3 was biphasic. ForD1/2

calculations, we assumed that each phase of the biphasic
denaturation could be treated as an individual two-state
denaturation equilibrium. The first phase of the denaturation
curve for apoE3 had a calculatedD1/2 of 0.95 ( 0.05 M
guanidine-HCl, and the second phase, 2.44( 0.03 M
guanidine-HCl. The 10-kDa and 22-kDa fragments each

% R-helix ) (-[θ222] + 3000)/39000 (4)

FIGURE 1: Guanidine-HCl denaturation of apoE3 and its 22-kDa
and 10-kDa fragments. The molar ellipticity of protein was
measured at 220 nm at a concentration of 0.5 mg/mL in 20 mM
sodium phosphate, pH 7.4, 1 mM dithiothreitol, and various
concentrations of guanidine-HCl. Fraction Unfolded was calculated
using eq 6.

Y ) θD + (θN - θD)/(1 + 10[(D1/2-X)h]) (5)

Fraction Unfolded) (θ)N - (θ)/(θ)N - (θ)D (6)
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showed a denaturation profile that fit a typical two-state
denaturation equilibrium. TheD1/2 for the 10-kDa and 22-
kDa fragment denaturation curves were 1.05( 0.02 and 2.51
( 0.04 M guanidine-HCl, respectively. Thus, the first phase
of the denaturation curve of apoE3 corresponded to the 10-
kDa fragment and the second phase to the 22-kDa fragment.
These results are consistent with those published by Wetterau
et al. (51) on apoE3 purified from plasma and its throm-
bolytic fragments.

We next examined the guanidine-HC1 denaturation for all
three isoforms and their corresponding 22-kDa fragments
(Figure 2). The denaturation curve for apoE2 was biphasic,
and the plateau between the first and second phases occurred
at approximately 1.6 M guanidine-HCl, similar to that of
apoE3. The calculated midpoints of denaturation for the first
and second phases of the denaturation curve for full-length
apoE2 were 0.95( 0.02 and 2.66( 0.04 M guanidine-HCl,
respectively. The denaturation curve for the 22-kDa fragment
of apoE2 fit a two-state equilibrium and had aD1/2 of 2.78
( 0.05 M guanidine-HCl. Thus, as with apoE3, the first and
second phases of the denaturation curve for full-length apoE2
correspond to its 10-kDa carboxyl-terminal and 22-kDa
amino-terminal domains, respectively. This suggests that the
two domains in apoE2 also unfold independently of each
other. The differences inD1/2 between the 22-kDa fragments
of apoE2 and apoE3 were statistically significant (p < 0.001),
with apoE2 having a higherD1/2 than apoE3. TheD1/2 values
above are for 0.5 mg/mL solutions of apoE. Similar values
were obtained when the protein concentration was reduced
to 0.1 mg/mL (Figure 4A).

The denauration curve of full-length apoE4 was also
biphasic but very different from that of apoE2 and apoE3.

Specifically, the curve for full-length apoE4 displayed a slight
shoulder, at approximately 2.5 M guanidine-HCl. (Figure 2A)
The denaturation curve of the 22-kDa fragment of apoE4,
also biphasic, contained a shoulder at 2.5 M guanidine-HCl
(Figure 2B), similar to that seen in the curve for full-length
apoE4. Thus, the second phase of the denaturation curve of
the 22-kDa fragment of apoE4 corresponds to the second
phase of the curve for the full-length protein. This implies
that in the first phase of the denaturation curve for full-length
apoE4, the 10-kDa fragment is not distinct from the first
phase of the 22-kDa fragment. This is likely due to the
smaller difference in the midpoint of denaturation between
them (∆D1/2 ) 0.6 M guanidine-HCl) compared to that
difference between the 10-kDa fragment and the 22-kDa
fragments of apoE2 or apoE3 (∆D1/2 ) 1.4-1.8 M guani-
dine-HCl). It is also possible that the first phase of the
guanidine-HCl denaturation curve for full-length apoE4,
which includes both the 10-kDa domain and the first phase
of the 22-kDa domain, is indicative of apoE4 domain
interaction.

To confirm that in the unfolding of the full-length protein
the 22-kDa domains were not affected by the 10-kDa domain,
we directly compared the denaturation curve of each full-
length isoform with the curve for its corresponding 22-kDa

FIGURE 2: Guanidine-HCl denaturation of apoE2, apoE3, apoE4
(A), and their corresponding 22-kDa fragments (B). The molar
ellipticity of protein was measured at 220 nm at a concentration of
0.5 mg/mL in 20 mM sodium phosphate, pH 7.4, 1 mM dithio-
threitol, and various concentrations of guanidine-HCl. Fraction
Unfolded was calculated using eq 6. Each denaturation was done
at least three times on different preparations of protein. The bars
represent the standard deviation.

FIGURE 3: Direct comparison of guanidine-HCl denaturation curves
of the full-length apoE isoforms and their 22-kDa fragments. The
molar ellipticity was measured at 220 nm at a concentration of 0.5
mg/mL in 20 mM sodium phosphate, pH 7.4, 1 mM dithiothreitol,
and various concentrations of guanidine-HCl. Fraction Unfolded
was calculated using eq 6. All denaturation studies were done at
equal concentrations of protein. Since the 22-kDa fragment
represents approximately two-thirds of the full-length protein, the
denaturation curve for the 22-kDa fragments were scaled down by
one-third and plotted with the denaturation curve of the corre-
sponding full-length isoform.
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fragment. Equal concentrations of protein were used in all
the guanidine-HCl denaturation experiments described above.
Since the 22-kDa fragment represents approximately two-
thirds of the mass of the full-length protein, the curves for
the 22-kDa fragments were scaled down by one-third and
compared to the curves for the full-length apoE (Figure 3).
The curves for the 22-kDa fragments superimpose exactly
to the latter part of the curve for the corresponding full-
length protein. In addition, when the guanidine-HCl curve
for a 22-kDa fragment was added to the guanidine-HCl curve
for the 10-kDa fragment, it was identical to the curve for
the corresponding full-length isoform (data not shown). Thus,
the unique character of the denaturation curve for full-length
apoE4 is not due to domain interaction, and the physical
properties of the 22-kDa amino-terminal domains can be
assessed independently of the 10-kDa carboxyl-terminal
domain. TheD1/2 of the 22-kDa fragments of apoE2, apoE3,
and the first phase of the 22-kDa fragment of apoE4 were
statistically different from each other (D1/2 ) 2.78 ( 0.05,
2.51( 0.04 and 1.60( 0.05 M guanidine-HCl, respectively)
(p < 0.05). TheD1/2 of the second phase of the 22-kDa
fragment of apoE4 was identical to that of the 22-kDa
fragment of apoE2.

Figure 4A shows guanidine-HCl denaturation curves of
the 22-kDa fragments of apoE examined at a protein
concentration of 0.1 mg/mL. The shoulder in the curve for
the guanidine-HCl denaturation of the 22-kDa fragment of
apoE4 was present but less pronounced under these condi-
tions, indicating a dependence on protein concentration.
However, these curves show that the unfolding of the 22-
kDa fragment of apoE4 is much less cooperative than for

apoE3 or apoE2. Therefore, the unique behavior of apoE4
in these experiments is likely due to the intramolecular
behavior of the monomer as well as a contribution from
intermolecular interaction. TheD1/2 values calculated for the
22-kDa fragments of apoE2, apoE3, and apoE4 from these
curves were 2.6, 2.4, and 2.0 M guanidine-HCl, respectively.

The guanidine-HCl denaturation for all the apoE isoforms
and fragments was reversible. Specifically, samples diluted
from a high concentration of guanidine-HCl had the expected
molar ellipticity as samples originally prepared at a lower
guanidine-HCl concentrations. The expected molar ellipiticity
after dilution was attained in less than 45 s for all three
isoforms.

To compare the effects of guanidine-HCl denaturation of
the 22-kDa fragments of apoE onR-helix content and
tryptophan exposure, denaturation was also monitored by
fluorescence. Figure 5 shows the change in average emission
wavelength of the 22-kDa fragments of apoE3 and apoE4.
The curves are similar between the isoforms (D1/2 ) 2.8 M
guanidine-HCl) but they are different from the respective
guanidine-HCl denaturation curves monitored by CD (Figure
4A). This suggests the presence of a folding intermediate or
intermediates in apoE (71).

To eliminate a possible salt effect of guanidine-HCl and
to confirm that the differences among the isoforms were not
due to measurements performed in low ionic strength buffer,
we examined urea denaturation of the 22-kDa fragments of
apoE in a phosphate buffer containing physiologic concen-
trations of salt (0.15 M NaCl). Urea denaturation of the 22-
kDa fragments showed the same order of denaturation
midpoints (apoE4< apoE3 < apoE2). TheD1/2 values
derived from the denaturation curves shown in Figure 4B
give values of 5.4, 5.2, and 4.2 M urea for the 22-kDa
fragments of apoE2, apoE3 and apoE4, respectively.

Thermal Denaturation of the 22-kDa Fragments, 10-kDa
Fragment, and Full-Length Human ApoE Isoforms.The
isoforms of apoE were also analyzed by thermal denaturation.
The percent change in molar ellipticity of apoE was plotted
against temperature for the full-length isoforms and the 22-
kDa and 10-kDa fragments (Figure 6). The temperatures at
which there was a 50% change in the helical content of the
protein (Tm) for apoE4, apoE3, and apoE2 were 45, 46, and
52°C, respectively. While there was a trend (apoE4< apoE3

FIGURE 4: Guanidine-HCl (A) and urea (B) denaturation of the
22-kDa fragments of apoE. (A) The molar ellipticity was measured
at measured at 220 nm at a concentration of 0.1 mg/mL in 20 mM
sodium phosphate, pH 7.4, 1 mM dithiothreitol, and various
concentrations of guanidine-HCl. (B) The molar ellipticity was
measured at measured at 220 nm at a concentration of 0.1 mg/mL
in 20 mM sodium phosphate, pH 7.4, 0.15 M NaCl, 1 mM
dithiothreitol, and various concentrations of freshly deionized urea.
Fraction Unfolded was calculated using eq 6.

FIGURE 5: Guanidine-HCl denaturation of the 22-kDa fragments
of apoE3 and apoE4 as monitored by fluorescence. Protein was
studied at a concentration of 0.1 mg/mL in 20 mM sodium
phosphate, pH 7.4, 1 mM dithiothreitol, and various concentrations
of guanidine-HCl. Denaturation was examined using an excitation
wavelength of 295 nm and monitoring an emission scan from 285
to 400 nm. The average emission wavelength is the intensity
weighted average of the emission scan.

Denaturation Studies of ApoE Isoforms Biochemistry, Vol. 39, No. 38, 200011661



< apoE2), only theTm for apoE2 was significantly different
(p < 0.001). However, theTm for the 22-kDa fragments of
apoE4, apoE3, and apoE2 (50, 57, and 63°C, respectively)
were statistically significant from each other (p < 0.001).
The 10-kDa fragment had aTm of 56 °C and its contribution
is likely the reason for the lack of statistical significance
between the full-length isoforms. Thus, the thermal dena-
turation studies confirmed a difference among the 22-kDa
domains of the apoE isoforms and displayed the same order
of denaturation midpoints (apoE4< apoE3< apoE2).

Thrombin CleaVage of Full-Length ApoE4.Although
apoE4 domain interaction was not apparent in the guanidine-
HCl denaturation experiments, we examined whether we
could detect domain interaction in solution without denatur-
ants. Specifically, we assessed the association of the thrombin
cleavage products of apoE4 as had been done previously with
apoE3 (52). In solution, apoE is a stable tetramer (69) and
the tetramerization domain resides in the carboxyl-terminal
fragment (52, 57). Previous studies showed that when apoE3
was cleaved with thrombin, the 10-kDa fragment eluted as
a tetramer and the 22-kDa fragment as a monomer on a gel
filtration column and thus, the two domains did not remain
associated. This contributed to the proposal that apoE3 had

two independent domains (52). We examined apoE4 in a
similar manner (described in the Materials and Methods).
Analysis by gel filtration chromatography of thrombin
digested apoE4 shows the release of the 22-kDa fragment
and a tetramer of the 10-kDa fragment (Figure 7). Therefore,
the two domains did not remain associated. Thus, apoE4
domain interaction is limited to a lipid surface where it was
initially characterized (58, 62).

DISCUSSION
Because of the isoform-specific effects in various diseases,

it is important to understand the basic physical chemical

FIGURE 6: Thermal denaturation of apoE2, apoE3, apoE4 (A), and
their corresponding 22-kDa fragments (B), and 10-kDa fragment
(C). Thermal scans were conducted on protein (50µg/mL in 10
mM sodium phosphate buffer, pH 7.4, freshly dialyzed from 1%
â-mercaptoethanol and 6 M guanidine-HCl solution) at a rate of 1
°C/min from 20 to 90°C. The molar ellipticity of protein was
measured at 222 nm using eq 1. Each curve represents the best fit
from the average of at least three scans.

FIGURE 7: Gel filtration chromatography of the thrombin-catalyzed
hydrolysis of human apoE4. Thrombin was added to apoE4 at a
ratio of 850:1 (apoE:thrombin, w/w) and incubated at 37°C. At
the indicated time intervals after the beginning of hydrolysis, 200
µL of the reaction mixture (100µg of apoE) was injected onto a
TSK 3000XL SW column (0.5 mL/min, PBS, pH 7.0). The elution
positions of full-length apoE, the 22-kDa fragment and the tetramer
of the 10-kDa fragment are indicated.
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properties of the apoE isoforms. Ultimately, the physical
properties of apoE will influence its functions (i.e., how it
associates with lipid and other proteins and how the cell
metabolizes it). The common isoforms of apoE and their 22-
kDa and 10-kDa fragments were examined by guanidine-
HCl, urea, or thermal denaturation. These studies represent
the first assessment of the physical characteristics of apoE2
and apoE4.

Previous physical characterizations of apoE3 revealed its
unique nature compared to other apolipoproteins (51, 52).
Specifically, apoE3 was found to have two domains that
unfold independently of each other and do not interact over
a wide range of protein concentrations. Furthermore, the
behavior of the 22-kDa amino-terminal domain was more
similar to other globular proteins than to other apolipopro-
teins (51). The guanidine-HCl denaturation curves presented
here for recombinant apoE3 and its 22-kDa amino-terminal
and 10-kDa carboxyl-terminal fragments (Figure 1) were
identical to those previously published by Wetterau et al.
(51) on apoE3 purified from plasma. Here we report
characterization of the 10-kDa fragment by thermal dena-
turation and theTm was approximately 56°C (Figure 6C).
The analysis of the guanidine-HCl and thermal denaturation
curves show that the 10-kDa fragment is similar to other
apolipoproteins examined thus far (apoA-I, apoA-II, apoA-
IV, apoC-I, and apoC-II) which have low midpoints of
guanidine-HCl denaturation (0.4-1.1 M guanidine-HCl) (66,
72-76) and relatively highTm values ranging from 50 to
57 °C (66, 76-78).

In addition, we established that the secondary structure
content was approximately the same among all three isoforms
and that the 22-kDa and 10-kDa domains unfold indepen-
dently of each other in apoE2 and apoE4 as well as apoE3
(Figures 2 and 3). For the full-length isoforms, the guanidine-
HCl denaturation curves differed from each other only in
the latter part of the curve that corresponds to the 22-kDa
amino-terminal domain (Figure 2A). This difference was also
seen in the guanidine-HCl denaturation curves for the 22-
kDa fragments alone (Figure 2B and 4A), and the midpoints
of denaturation for the 22-kDa fragments were statistically
different among all the isoforms (apoE4< apoE3< apoE2).
The midpoints for urea (Figure 4B) and thermal (Figure 6B)
denaturation of the 22-kDa fragments of apoE paralleled
those of the guanidine-HCl denaturation (apoE4< apoE3
< apoE2).

The apparent∆G° values calculated for the 22-kDa
fragments of apoE2, apoE3, and apoE4 (Figure 4A) using
eq 2 were 8.5, 6.6, and 3.4 kcal/mol, respectively. The∆n
values determined from the analysis were 25, 21, and 12
mol of guanidine-HCl, respectively. Analysis using the linear
extrapolation procedure (67) gave consistent∆G° values. The
urea denaturation data in Figure 4B gave apparent∆G°
values of 11.3, 7.7, and 5.2 kcal/mol for the 22-kDa
fragments of apoE2, apoE3, and apoE4, respectively. These
values reaffirm the order of stability predicted by theD1/2

values. Differences in∆G° values between experiments can
be attributed to differences in ionic strength of the buffer.
Comparison of them values derived from the slopes of the
linear extrapolations for guanidine-HCl and urea denaturation
(Figure 4) indicates that, relative to the wild-type apoE3
molecule, apoE2 is a m+ mutant and apoE4 is an m- mutant
(68). The difficulty in interpreting the effects of point

mutations on∆G° values is in knowing whether to ascribe
the change to alterations in the native state or in the denatured
state. Shortle (68) has proposed that variations in the structure
of the denatured molecule can be important. On this basis,
an m+ mutant such as apoE2 is most likely due to the
arginine to cysteine substitution at residue 158 causing this
isoform to unfold more completely than the parent apoE3
molecule. The mechanism responsible for m- mutants is
more ambiguous.

Since the progressive replacement of cysteine (volume)
86 Å3) by arginine (volume) 158 Å3) residues on changing
from apoE2 to apoE4 introduces relatively bulky and charged
side chains into the four-helix bundle structure, alterations
in the native structure can be anticipated, although gross
disruptions are not discernible at the current resolution of
the X-ray structures. The cysteine to arginine substitution at
residue 112 seems to be more destabilizing because the
difference in stability between apoE3 and apoE4 is greater
than that between apoE3 and apoE2. This mutation also
seems to create domains of differing stability in the apoE4
four-helix bundle structure. The latter effect may involve
some apoE4 intermolecular interactions because the non-
two-state denaturation is more pronounced at higher protein
concentrations. Also, the existence of unfolding intermediates
is more apparent when guanidine-HCl rather than urea is
used as the denaturant. This presumably reflects the differ-
ences in guanidine and urea binding to apoE4. Structural
characterization of the intermediate is needed to understand
this effect.

Recent analysis of different crystal forms of the amino-
terminal fragment of apoE3 suggested that helices 2, 3, and
4 are flexible (79). This flexibility is characterized by kinks
in the middle of helices 2 and 3 and occurs on the end of
the four-helix bundle that contains a loop made up of residues
79-94 (the “80s loop”). The flexibility at this end of the
molecule may be important for the putative opening of the
four-helix bundle when associating with lipid (79). One may
speculate that denaturation is initiated at this end of the
bundle, and small differences in flexibility between the
isoforms in this region may account for the differences in
denaturation reported here. However, this cannot be deter-
mined precisely because the 80s loop itself is not resolved
in the current X-ray structures of apoE2 and apoE4 and X-ray
structures from different crystal forms are not available for
these isoforms.

Monitoring denaturation by following tryptophan fluores-
cence is often used as an indicator of changes in tertiary
structure while circular dichroism at 220 nm indicates
changes in secondary structure. When a protein unfolds
cooperatively, the two should follow each other identically.
When the two do not coincide, this indicates the presence
of folding intermediates (71). Guanidine-HCl denaturation
monitored by fluorescence (Figure 5) shows no difference
between the isoforms, but these denaturation curves are
different from the denaturation curves obtained by CD
measurements at a 220 nm wavelength. Recent studies of
apolipophorin-III (80) and apoA-I (78) also found differences
between tertiary and secondary structure denaturation of the
protein. The relatively small red shift from 0 to 5 M
guanidine-HCl for the 22-kDa fragment of apoE suggests at
least some of the tryptophans may already be in a polar
environment in the native state (Figure 5). Interestingly, the
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transition in the denaturation curves of the 22-kDa fragments
of apoE monitored by fluorescence was at a higher concen-
tration of guanidine-HCl than the denaturation monitored by
CD. This is likely due to the location of the tryptophans in
the 22-kDa fragment of apoE (residues 20, 26, 34, and 39).
Residues 26, 34, and 39 are located in helix one. Residue
20 is located near helix one in a flexible region in the amino-
terminus of the protein that is unresolved in the X-ray
structure. Therefore, we are only monitoring the environment
of helix one. This would explain why there is no difference
between the isoforms in the denaturation curves monitored
by fluorescence, since the amino acid differences occur in
helices three and four. It is also possible that the major red
shift in the fluorescence measurements is reflective of an
intermolecular interaction. However, at this protein concen-
tration, we do not have evidence of this occurring in the
analysis by CD. Also, the analyses by CD show a difference
in unfolding between the isoforms and so identical intermo-
lecular interaction is unlikely.

Studies examining the opening of the four-helix bundle
when binding lipid disks indicate that helix one pairs with
helix two, and helix three with helix four (81-83). It is
possible that during denaturation the four-helix bundle opens
up in such a manner and helices three and four denature
before helices one and two. This would account for the higher
midpoint of denaturation in the curves assessed by fluores-
cence. Using eq 4, we calculated % helix content for the
22-kDa fragments of apoE at 3 M guanidine-HCl, ap-
proximately the midpoint of transition of denaturation as
monitored by fluorescence. At this guanidine-HCl concentra-
tion, the 22-kDa fragments have approximately 40% of their
original helix content left.

The functions of some folding intermediates are hypoth-
esized to involve lipid binding and bilayer penetration (84).
The suggestion that the folding intermediate in apoE may
be an opened conformation of the four-helix bundle makes
lipid binding an attractive hypothesis for a biological function
of this folding intermediate and is currently being investi-
gated. There is also a growing body of literature associating
protein stability and folding intermediates in diseases as-
sociated with amyloid deposition (85-89). It is possible that
the presence of a partially folded intermediate in apoE4, the
least stable isoform, effects amyloid formation in Alzheimer’s
disease; however, apoE is known to affect a variety of
biological functions, including lipid metabolism and cell
growth (3, 14). Whether the primary influence of apoE
isoforms and their differential stability on risk for AD is
related to the potential effect on amyloid formation, or an
independent effect on lipid transport or cellular metabolism
in the brain has yet to be determined.

It is interesting to note that while apoE4 domain interaction
has been demonstrated on a lipid surface (58), we show it
does not occur in solution. One possible explanation for the
difference is that the interaction between Arg-61 and Glu-
255 is disrupted easily at low concentrations of a denaturant
such as guanidine-HCl. However, this does not explain why
the domains do not remain associated after thrombin cleavage
in buffer without any denaturant (Figure 7). It has been
shown that while lipid-free apoE is a tetramer in solution, it
is a monomer on the surface of a lipoprotein particle (69,
90). Thus, it is possible that tetramerization in the carboxyl-
terminal domain prevents domain interaction. Segrest et al.

hypothesized that the association of an apolipoprotein with
a lipoprotein particle is determined by the length of the
helices in the apolipoprotein (91). Specifically, long helices
are best accommodated on a large lipoprotein particle where
there is less curvature. On a lipid surface, Arg-61 in the 22-
kDa domain of apoE4 may act to stabilize the putative long
helices in the 10-kDa fragment and that results in the
preferential association of apoE4 for VLDL particles,
compared to apoE3.

Summary.These studies are the first to demonstrate that
the 10-kDa and 22-kDa domains unfold independently of
each other in apoE2 and apoE4, as do the domains in apoE3.
In addition, guanidine-HCl, urea and thermal denaturation
studies revealed differences among the isoforms, specifically
in the unfolding of the 22-kDa domain, where the amino
acid differences distinguishing the isoforms occur. ApoE4
was shown to be the least stable, and apoE2 the most stable.
In addition, the guanidine-HCl denaturation studies suggested
the presence of a folding intermediate in apoE, although it
remains to be confirmed and further characterized. Also, both
thermal and guanidine-HCl denaturations confirm that the
10-kDa fragment of apoE behaves similarly to other apoli-
poproteins, such as apoA-I. These studies represent the first
physical characterization comparing all three common iso-
forms. The differences that were observed are likely, in a
manner yet to be determined, to contribute to the biochemical
differences and, ultimately, to the pathological consequences
associated with each of the isoforms.
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